Pieles et al; RV Echocardiographic Parameters in Adolescent ARVC
A rrhythmogenic right ventricular cardiomyopathy is a genetically determined myocardial disease leading to fibrofatty infiltration, dysfunction, and ventricular arrhythmias, primarily affecting the right ventricle (RV). 1 Ten percent of sudden cardiac deaths in ARVC occur in children and adolescents. 2 ARVC is diagnosed using ARVC Task Force Criteria (TFC) 3 modified in 2010 (mTFC). 4 Echocardiography is commonly used in ARVC, 1 helps differentiate between adult controls and ARVC patients, 5 and is part of the mTFC using RV dimensions, RV fractional area change (FAC), and qualitative assessment of wall motion abnormalities. 6 However, recent studies question the diagnostic value of the mTFC reporting a positive predictive value of 80% and negative predictive value of only 37% in the adult population. 7 Apart from parameters used in the mTFC, studies have investigated other echocardiographic parameters that could be helpful in the diagnosis of ARVC and found that tissue Doppler and 2-dimensional strain are reduced in adults with ARVC. 8, 9 Our group recently showed that RV average longitudinal strain, as measured by cardiac magnetic resonance imaging, is reduced in children and adolescents with ARVC. 10 However, limited data are available on the value of echocardiography in the assessment of children and adolescents with ARVC. The aim of this study was to investigate the diagnostic value of echo parameters of RV size and function in children and adolescents with mTFC diagnosed ARVC.
METHODS
The data that support the findings of this study are available from the corresponding author upon reasonable request. This retrospective study was approved by the institutional research ethics board. Data from children and adolescents who underwent a workup for ARVC at our institution between 2004 and 2015 were reviewed. Following ARVC mTFC, 6 patients were classified as having no, possible, borderline, or definite ARVC according to the results of the patients' family history, echocardiogram, cardiovascular magnetic resonance imaging, ECG, signal-averaged ECG, Holter monitoring, endomyocardial biopsy, and genetic testing. Exclusion criteria were concomitant congenital heart disease other than a small interatrial communication, insufficient quality echocardiogram for analysis of RV parameters, and lack of data in >2 mTFC categories. Nonechocardiographic variables of this patient cohort were previously published under a different objective.
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Participants
Patients were matched by age to separately recruited healthy controls from a control cohort available at our institution. Controls had normal medical history, 12-lead ECG, and echocardiogram.
Echocardiography
Echocardiograms were performed according to an institutional clinical functional protocol. They were digitally stored and analyzed by a single reader (G.E.P.) blinded to ARVC diagnosis and control/patient status. mTFC measurements were performed offline using commercial software (Syngo versus VA10B; Siemens Healthcare, Erlangen, Germany). RV freewall 2-dimensional speckle-tracking longitudinal peak systolic strain was analyzed from raw DICOM images obtained from the apical 4-chamber view using vendor-independent analysis software (TomTec versus 4.6, Unterschleissheim, Germany). The RV endocardium was manually contoured. The software segments the RV into 3 lateral and 3 septal segments from which peak segmental strain, including the septal segments, was further averaged to calculate RV average longitudinal systolic strain. Images were excluded from analysis (n=5) if software tracking, confirmed by visual assessment, of <4 segments was obtained. Strain values were independently calculated by a second operator (C.S.) for interobserver reliability and by the primary operator for intraobserver variability (n=40). End-diastolic RV diameters were measured
CLINICAL PERSPECTIVE
Arrhythmogenic right ventricular cardiomyopathy (ARVC) is a genetically determined myocardial disease leading to fibrofatty infiltration, dysfunction, and ventricular arrhythmias, primarily affecting the right ventricle. The majority of ARVC patients present in early adulthood; however, the presentation in adolescence has now been recognized, and indeed, 10% of sudden cardiac deaths in ARVC occur in children and adolescents. Diagnosis of ARVC in this patient population remains a challenge, due to early subclinical disease but importantly also due to the scarcity of scientific data examining the validity of diagnostic tools to detect the disease in children and adolescents. Echocardiography remains a primary investigation in ARVC; echocardiographic parameters are part of the diagnostic modified Task Force Criteria but are not sufficiently evaluated in the pediatric ARVC population. This study adds important data on the value of echocardiographic modified Task Force Criteria and highlights the diagnostic value of 2-dimensional strain in the assessment of adolescents investigated for ARVC. It provides evidence that echocardiographic modified Task Force Criteria are inadequate to diagnose ARVC in adolescence, an important message for the practicing pediatric cardiologist that can improve early diagnosis and hence prevent sudden cardiac death. The study also highlights the need to develop specific pediatric diagnostic criteria and provides data on which specific echocardiographic parameters are particularly helpful when investigating pediatric ARVC (eg, 2-dimensional right ventricular strain and right ventricular end-diastolic diameters). from 2-dimensional images following ASE guidelines in the parasternal long-axis view of the RV outflow tract (RVOT), proximal parasternal short-axis view of the RVOT, and distal parasternal short-axis view of the RVOT and from apical views to measure the end-diastolic transverse diameter at the RV base, transverse diameter at the mid-third of the RV, longitudinal diameter of RV, and transverse diameter of the apical third of the RV (; Figure 1) . 12 RV wall motion abnormalities were assessed independently by 2 investigators (G.E.P., M.K.F.) blinded to diagnosis and included regional hypokinesia, systolic thinning, aneurysms, and paradoxical septal motion. RV function was quantified using tricuspid annular peak systolic excursion, RV FAC % and systolic and diastolic pulsed-wave tissue Doppler imaging at the lateral tricuspid annulus.
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Statistical Methods
Descriptive Analysis
Clinical characteristics were summarized in terms of means±SDs for continuous variables and frequencies for dichotomous and polytomous variables. Between-group differences were assessed using Kruskal-Wallis tests for continuous variables and Fisher exact tests for dichotomous/ polytomous variables. Differences were illustrated using box plots; 2 sets of comparisons were performed, firstly between the ARVC diagnostic subgroups and secondly between all ARVC patients versus controls.
Association of Echo Parameters With mRTF Diagnosis of ARVC
The association between echo parameters and the mRTF ARVC diagnosis was analyzed using proportion odds models for ordinal data. The data under consideration included both disease and control cohorts. Parameters potentially associated with ARVC were entered into the model included age, sex, body surface area (BSA), and all echocardiographic data. Wall motion abnormalities, as an independent parameter, were excluded from the analysis due to the small number of patients with abnormal wall motion. Regression analysis was conducted per stepwise modeling strategy suggested by Collett. 16 Specifically, (1) a univariable proportion odds model was first conducted to estimate an unadjusted association between the ARVC diagnosis and each of the potential risk factors in terms of odds ratios. P values and 95% confidence intervals (CI) were estimated using Wald's statistics. (2) Backward variable selection with a tuning P=0.20 was applied by including all of the candidate risk factors in which the corresponding univariable model is a better model than the model without any risk factor (ie, the null model). Specifically, we used Akaike Information Criterion to determine whether the univariable model is better than the null model. (3) Potential risk factors not considered in step 2 could become important with the presence of the risk factors selected in step 2. Subsequently, forward selection with a tuning P value of 0.2 was applied to assess the candidate risk factors excluded from step 2. The penultimate model consisted of those selected in step 2 and the additional variables selected in step 3.
To assess the performance of this variable selection strategy, bootstrap was applied to evaluate its performance and reliability. Specifically, 500 bootstrap samples were constructed, and the same variable selection strategy (steps 1-3) was applied for each bootstrap sample. Risk factor reliability was calculated as the proportion of the bootstrap models containing the risk factor. The risk factors in the final multivariable models must have reliability >50% and be statistically significant (ie, P<0.05).
Optimal Cutoff Value
Optimal cutoff values for average RV peak systolic strain were determined using unbiased recursive partitioning 17 including control patients (ie, without ARVC) and patients with definite ARVC (n=73). Upon the determination of the cutoff values, the discriminatory power of the cutoff values was evaluated using Fisher exact tests and summarized using receiver operating characteristics. As a sensitivity analysis, we also present the results using all patients (n=155) with ARVC defined as definite and borderline using the same method.
Agreement Analysis
We assessed the intra-and interobserver agreement on regional averaged strain parameters. As a descriptive analysis, scatter plots were used to show the overall alignment between measurements with a 45° equality reference line. If the 2 measurements agree with each other, then small deviations from the reference are expected. In addition, a nonparametric line using LOESS was estimated and superimposed in the scatter plot. The Bland-Altman method was then applied to assess the agreement with and between observers. This method provided the level of agreement between the 2 measurements and summarized the agreement graphically. Analysis was performed using SAS, in the United Kingdom (vs9.4), and R Free Software Foundation, in the United States (vs3.4.1), with the BlandAltmanLeh and caret packages.
Intra-and Interobserver Reliability
We assessed intra-and interobserver reliability using the intraclass correlation coefficient (ICC). Following Shrout and Fleiss, 18 we calculated the intrarater correlation using ICC3, which corresponds to the fact that each patient's echocardiogram was scored by the same rater twice, and interrater correlation using ICC2, which corresponds to the fact that each of the 2 randomly selected raters scored a patient's echocardiogram once.
RESULTS
The clinical presentation and the presence of mTFC for all ARVC diagnostic subgroups are described in Tables 1 and 2 . The total study sample included 120 ARVC patients with an average age of 13±3 years, 65% male (Table 3 ). The control cohort comprised 35 subjects (14±3 years, 74% male). There were 38 patients with definitive ARVC, 39 patients with borderline ARVC, and 43 patients with possible ARVC. Ninety-nine subjects were investigated due to initial clinical suspicion but did not fulfill any criteria and were classified as not having ARVC (of any classification: possible, borderline, or definite). These patients were not included into the study. Number of control subjects was chosen to match each of the 3 patient subgroups. There was a statistically significant difference between all groups for age and BSA (P<0.001). The patients with borderline ARVC and control cohort were similar with respect to BSA (borderline: 1.54±0.39 m 2 ; control: 1.50±0.28 m 2 ); the definitive ARVC group was higher (1.72±0.33 m 2 ), and the possible ARVC group was lower (1.35±0.34 m 2 ).
Parameters of RV Size Including mTFC Parameters
Echocardiographic parameters included in the mTFC are highlighted in Table 3 . As the guidelines incorporate both absolute and BSA-corrected parameters, we analyzed both. While absolute mTFC parameters were significantly different between controls and patients with possible, borderline, or definite ARVC, when corrected for BSA, parasternal long-axis view of the RVOT was significantly different between controls and the definite ARVC group (P=0.03), whereas FAC was discriminatory and correlated with all disease categories (P<0.001 for all comparisons). Importantly, although several mTFC parameters differed significantly in their absolute values between the ARVC subgroups at the P <0.05 level (Table 3) , none of the absolute or BSA-indexed echocardiographic parameters fulfilled mTFC in any of the diagnostic subgroups.
Echocardiographic RV Dimensions not Included in the MTFC
All absolute and BSA-indexed end-diastolic RV dimensions were significantly larger in patients with possible, borderline, or definite ARVC versus controls and were associated with disease, apart from the BSA-indexed Figure 1 . To obtain the right ventricular (RV) end-diastolic diameters from an RV focused 2-dimensional 4-chamber view, a line was drawn between the hinge point of the tricuspid valve septal leaflet and the longitudinal diameter of RV (RVD3). Transverse diameter at the RV base (RVD1), transverse diameter at the midthird of the RV (RVD2), and transverse diameter of the apical third of the RV (RVD4) measure the distance between the RV free endocardial wall and the interventricular septal endocardial wall at RVD1, RVD2, and RVD4 segment of the RVD3 line. RV end-diastolic length from TV annulus to apex in mm (Table 3) . However, when indexed to BSA, only the RV apical end-diastolic diameter correlated significantly with the presence of disease and was different between ARVC mTFC diagnostic subgroups (Table 3) .
RV Functional Parameters
Tricuspid annular peak systolic excursion and systolic and diastolic pulsed-wave tissue Doppler velocities were not different between controls and any of the ARVC subgroups or between ARVC diagnostic subgroups, apart from a lower RV lateral wall E′ in ARVC patients (Table 3 ). Absolute and indexed FAC was significantly different between controls and ARVC patients and between individual disease subgroups. However, FAC was not mTFC positive in any group. Mean RV peak longitudinal systolic strain was significantly lower in patients with possible, borderline, or definite ARVC versus controls (P<0.001). This was true for mean RV peak longitudinal systolic strain including the septal segments as well as for mean RV peak longitudinal systolic strain of the lateral segments only (P<0.001). Figure 2 and Table 4 show that, among the ARVC cohort, average RV peak longitudinal systolic strain worsened significantly (P<0.001) from borderline to possible and from possible to definite ARVC diagnosis. Segmental RV peak systolic longitudinal strain also differed between the ARVC subgroups, particularly in the lateral and septal apical RV segments (P<0.001; Figure 2 and Table 4 ). Receiver operating characteristics analysis identified an optimal cutoff value for averaged RV peak systolic longitudinal strain of −20.4% (sensitivity 52.6%, specificity 100%; Table 6 ), meaning that patients with an RV average peak systolic strain better than −20.4% were less likely to have definite ARVC, whereas patients with an average RV peak systolic longitudinal strain worse than −20.4% were more likely to have definite ARVC (Figure 3 ; Table 6 ). The misclassification rate was 24.7%. Figure 3 shows the receiver operating characteristics analysis using average RV peak systolic longitudinal strain (ie, ≤−20.4 versus >−20.4%). Subgroup analysis between patients with borderline or definite ARVC compared with controls or patients with possible ARVC showed that the lower the average RV peak systolic longitudinal strain, the more likely ARVC (Figure 4 ; Table 7 ).
Association of RV Echo Parameters With mTFC Diagnosis of ARVC
Intra-and Interobserver Reliability
Intra-and interobserver analysis confirmed moderate agreement for mean and regional peak systolic RV strain (Figures I and II in the Data Supplement). For mean peak systolic RV strain, the ICC for intraobserver agreement was 0.97 (95% CI, 0.95-0.99) and the ICC for interobserver agreement was 0.79 (95% CI, P values assess intergroup differences. ARVC indicates arrhythmogenic right ventricular cardiomyopathy; BSA, body surface area; EF, ejection fraction; FAC, fractional area change; FS, fractional shortening; IG, intergroup difference; LV, left ventricle; PLAX, parasternal long-axis view; PSAX, parasternal short-axis view; RV, right ventricle; RVA', late diastolic tricuspid annular velocity; RVD1, transverse diameter at the RV base; RVD2, transverse diameter at the mid-third of the RV; RVD3, longitudinal diameter of RV; RVD4, transverse diameter of the apical third of the RV; RVE', early diastolic tricuspid annular velocity; RVOT, RV outflow tract; RVS', systolic tricuspid annular velocity; Stats, statistics; TAPSE, tricuspid annular peak systolic excursion; TV, tricuspid valve; and WMA, wall motion abnormalities.
*P values assessed the between-group differences including the control patients. †P values assessed the between-group differences without the control patients.
0.62-0.88). We also performed intra-and interobserver comparisons for each of the RV end-diastolic diameters, which showed intraobserver ICC between 0. 
DISCUSSION
This study investigated echocardiographic parameters of RV size and function in the, to our knowledge, largest cohort of adolescents investigated for definite, borderline, or possible ARVC. As RV, and in particular RVOT dilatation, is a hallmark of ARVC, RV end-diastolic diameters form the core of the echocardiographic mTFC. We found that absolute values of echocardiographic parameters of RV size differentiated between patients and controls and between diagnostic subgroups of ARVC. Conversely, when indexed to BSA, as routinely done in children and adolescents, parasternal short-axis view of the RVOT diameter, no longer differentiated between controls and patients, and only RV apical end-diastolic diameter, a parameter not currently in the mTFC, differentiated between definite, borderline, and possible ARVC subgroups.
RV Systolic Longitudinal Strain
Lower RV longitudinal deformation has been reported in adult studies as an early sign of ARVC 8, 19 and in phenotypically negative gene carriers. 20 Although previous studies 20 emphasized reduced strain in RV basal segments, we found that strain was especially reduced in apical segments, particularly in the lateral apical segments, in association with apical dilatation. Moreover, worsening average RV peak systolic longitudinal strain was an independent diagnostic indicator of disease likelihood with a cutoff value of −20.4%. However, this value is still relatively high (towards normal), possibly due to the early age and hence disease severity, and will need to be verified in future studies. Peak longitudinal strain in the midseptal segment (Table 4) was not reduced across the diagnostic ARVC groups, and this is in concordance with strain data by magnetic resonance imaging in adult patients with ARVC, where septal strain is less reduced in septal segments than in basal and apical segments, although segmental analysis was performed there in the circumferential plane. 21 In addition, based on our results, future studies should also determine whether RV longitudinal peak systolic strain could act as an early echocardiographic OR indicates odds ratio; PLAX, parasternal long-axis view; PSAX, parasternal short-axis view; RV, right ventricle; RVA', late diastolic tricuspid annular velocity; RVE', early diastolic tricuspid annular velocity; RVS', systolic tricuspid annular velocity; RVOT, RV outflow tract; TAPSE, tricuspid annular peak systolic excursion; and TV, tricuspid valve. Percentages describe the patients with definite ARVC lying within the specified strain range. ARVC indicates arrhythmogenic right ventricular cardiomyopathy; and RV, right ventricle. marker in adolescent ARVC to identify patients with the disease, before other parameters are overtly abnormal.
Apical Shape Change in ARVC
Our data showed reduced peak systolic strain and increased end-diastolic RV diameter at the RV apex, suggesting early RV apical remodeling in ARVC. Apical RV remodeling has been observed in adult patients with ARVC, 1 but, to the best of our knowledge, apical RV dilatation and reduced apical systolic strain parameters as an early disease process in adolescent ARVC have not been described. In contrast to adult studies, 9 we did not detect a difference in all basal systolic and diastolic pulsed-wave tissue Doppler imaging indices between controls and ARVC patients apart from a reduction in E′. This difference in results may be hypothesized to be the result of earlier disease stage in our adolescent cohort, where the basal RV is not yet substantially affected. Moreover, whereas the current focus of echo RV assessment is placed on the RV base, through parameters such as tricuspid annular peak systolic excursion and tissue velocities; our data emphasize the additional importance of evaluating the RV apex. These data suggest that RV apical dysfunction may not only be a marker for ARVC, but important in determining the severity of RV dysfunction.
mTFC Echocardiographic Indices
We detected a significant difference of mTFC echocardiographic parameters between patients and controls and between ARVC subgroups for RVOT parasternal long-axis view and RVOT parasternal short-axis view diameter. However, even in the definite ARVC group, these diameters did not satisfy mTFC cutoff criteria, when indexed to BSA (Table 3 ). This suggests that in adolescent ARVC, adult cutoff values for quantitative RV parameters that are part of the current mTFC are not discriminative to detect disease.
Besides, the findings of this study could help more efficiently utilize echocardiography as a first-line imaging modality in adolescent ARVC patients more effectively by providing evidence of the predictive value of parameters such as RV apical end-diastolic parameters and RV strain. This is particularly important, as recent studies have shown the diagnostic value of echocardiography in adolescent ARVC, but at the same time alerted to the lack of diagnostic accuracy of the current echocardiographic mTFC parameters in the assessment of adolescent ARVC.
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Limitations
Although diagnosis and subgroup classification of our cohort followed mTFC, we did not investigate the asso- ciation of echocardiographic findings to other mTFC criteria (ECG, cardiovascular magnetic resonance imaging, family history, genetics). Mean age and BSA of our diagnostic subgroups differed; thus, we adjusted measurements to BSA to account for body dimensions. Age likely influences disease stage as reflected in the definite ARVC group having the highest mean age. Although there is evidence for the influence of age on adult disease phenotype, further longitudinal studies are needed to study the impact of age on disease progression in adolescence. Further studies should also investigate the value of speckle tracking in the assessment of related RV pathologies such as congenital heart disease and pulmonary hypertension.
Conclusions
The findings of this study show that current mTFC echocardiographic criteria are not adequately sensitive to diagnose ARVC in adolescents. In contrast, echocardiographic parameters not previously included in the mTFC, especially apical remodeling and decreased RV longitudinal strain, are associated with an mTFC diagnosis of ARVC. These results suggest the need for further studies to evaluate revised echocardiographic criteria for diagnosis of ARVC in adolescents. Distribution of patients with ARVC vs no ARVC. Percentages describe the patients with borderline/definite ARVC lying within the specified strain range. ARVC indicates arrhythmogenic right ventricular cardiomyopathy; RV, right ventricle; and Sl, peak systolic longitudinal strain.
